Transcranial alternating current stimulation (tACS) is used in clinical applications and basic neuroscience research. Although its behavioral effects are evident from prior reports, current understanding of the mechanisms that underlie these effects is limited. We used motion perception, a percept with relatively well known properties and underlying neural mechanisms to investigate tACS mechanisms. Healthy human volunteers showed a surprising improvement in motion sensitivity when visual stimuli were paired with 10 Hz tACS. In addition, tACS reduced the motion-after effect, and this reduction was correlated with the improvement in motion sensitivity. Electrical stimulation had no consistent effect when applied before presenting a visual stimulus or during recovery from motion adaptation. Together, these findings suggest that perceptual effects of tACS result from an attenuation of adaptation. Important consequences for the practical use of tACS follow from our work. First, because this mechanism interferes only with adaptation, this suggests that tACS can be targeted at subsets of neurons (by adapting them), even when the applied currents spread widely throughout the brain. Second, by interfering with adaptation, this mechanism provides a means by which electrical stimulation can generate behavioral effects that outlast the stimulation.
Introduction
There is rapidly growing interest in using transcranial alternating current stimulation (tACS) to modulate brain activity in both clinical applications and cognitive neuroscience research (Utz et al., 2010; Zaghi et al., 2010) . For instance, tACS has been claimed to suppress parkinsonian tremors (Brittain et al., 2013) , entrain motor performance (Joundi et al., 2012) , aid recovery after stroke (Schlaug et al., 2008; Fedorov et al., 2010) , and improve learning and memory (Kirov et al., 2009) , to name just a few. The mechanisms that underlie these long-term effects, however, remain poorly understood .
Even though applied fields clearly modulate membrane polarization (Radman et al., 2009) , the long-term effects of electrical stimulation may not be the direct consequence of this polarization, but the indirect consequence of changes in plasticity induced by the stimulation (Rosenkranz et al., 2000; Antal et al., 2004 Antal et al., , 2012 Fricke et al., 2011) . We used visual motion discrimination in humans to investigate this view. This model system has the advantage that its neural mechanisms are relatively well understood (Krekelberg, 2008) , that a specific cortical area (hMTϩ) has been identified to play a critical role (Sunaert et al., 1999) , and that a large arsenal of objective measures for behavioral report are available for its study (for review, see Nishida, 2011) .
We first hypothesized that direct, tACS-induced perturbations should generate impairments in motion discrimination, because such perturbations are uninformative with respect to the direction of visual motion. Our experiments rejected this hypothesis; instead, we found that subjects were better at motion direction discrimination during the application of tACS. Puzzled by this unexpected improvement in performance we hypothesized that tACS could have prevented the reduction in motion discrimination performance that was previously reported to occur for prolonged stimulus presentations (Van Wezel and Britten, 2002) .
In a second set of experiments we tested this hypothesis using a standard motion adaptation paradigm (Hiris and Blake, 1992; Blake and Hiris, 1993) . In such paradigms, a few seconds of exposure to, for instance, an upward moving pattern generates the illusory percept of downward motion in a subsequent stationary or random motion stimulus. As alluded to above, adaptation also typically reduces motion discrimination performance (Van Wezel and Britten, 2002) . The behavioral effects of motion adaptation have been linked to neural adaptation in the middle temporal area (Kohn and Movshon, 2004; Krekelberg et al., 2006a) , and the time scale at which these effects persist (tens of seconds) suggest that they rely on plastic changes, such as synaptic depression, or long-term after hyperpolarization (Kohn, 2007) . Consistent with our hypothesis, the experiments confirmed that tACS during the presentation of the visual motion stimulus (i.e., during the induction of adaptation) attenuated motion adaptation.
Together our experiments suggest a novel mode of action of tACS; the attenuation of adaptation. In the discussion, we address the implications of these findings for using tACS and speculate about the underlying neural mechanisms.
Materials and Methods

Electrode placement
One electrode was placed above the canonical location of left hMTϩ; PO7-PO3 in the 10-20 system. The other electrode was placed on the vertex (Cz). In the main experiments, the parietal electrode was contralateral to the visual stimuli. In the ipsilateral control experiments, the electrode was placed above the hMTϩ that was ipsilateral to the visual stimuli.
Subjects
Fifteen subjects participated in the experiments (8 female; 14 naive and 1 experimenter in total; 9 subjects for the motion discrimination task, 10 subjects for the motion adaptation task, 10 subjects for the recovery task, and 8 subjects for the pre stimulus tACS task). They gave written consent and had normal or corrected to normal vision. This study was conducted according to the principles expressed in the Declaration of Helsinki and approved by the Institutional Review Board of Rutgers University.
Apparatus
tACS was delivered through a STG4002 stimulus generator (Multi Channel Systems). The stimulating electrodes were prepared as saline soaked sponges attached to conductive rubber electrodes (3Љ diameter). We used a sinusoidal current (1 mA peak to peak) at a frequency of 10 Hz. For safety reasons, the maximum voltage to produce the transcranial current was limited to 20 V. The maximum current intensity was 0.5 mA and the electrode surface area was 45.6 cm 2 . All eye movements were recorded using an eye tracker (Eyelink II V 2.2) at 500 Hz. Stimulus presentations and the triggering of stimulation were under the control of Neurostim (http://neurostim.sourceforge.net).
Visual stimuli
Stimuli were presented on a CRT monitor (Sony FD Trinitron) with a resolution of 1024 ϫ 768 pixels at a refresh rate of 120 Hz. The main motion stimulus was a dynamic random dot kinematogram (RDK) consisting of 700 dots with an infinite lifetime and an effective diameter of 1.5 pixels using spatial dithering (OpenGL point size of 1.5). The dots were restricted inside a circular aperture of radius 5°centered 7°to the left or right of the center of the screen. The luminance of the dots was 30 cd/m 2 , and the background 0.4 cd/m 2 . The dots moved at a constant speed of 3°/s except during the speed change detection task (used to control for attention during adaptation; see below) when they moved at 6°/s for a brief (200 ms) period of time. We refer to the percentage of dots moving in the same direction ( positive coherence: up; negative coherence: down) as the coherence. The remainder of the dots moved in randomly chosen directions. Stimuli such as these are commonly used to quantify motion perception (Newsome and Pare, 1988; Scase et al., 1996) .
The RDK was used to construct the following five types of motion stimuli: (1) Long Adapter: RDK with dots moving upward with a coherence of 100% for 40 s. 
Experimental procedures
Subjects were seated in a dark room at a distance of 57 cm from the center of the monitor. Head movements were restricted by a molded bite bar. The subjects indicated their response using the keyboard. Fixation of a central red dot was monitored and trials in which the eye strayed beyond a virtual window of 2°were discarded.
Because transcranial electrical stimulation has been shown to have long lived effects (Nitsche and Paulus, 2001; Bolzoni et al., 2013) , experimental conditions with and without stimulation could not be interleaved. The minimal time to start blocks of trials without stimulation after tACS had been administered for any paradigm was 24 h.
Behavioral tasks
In each of the experiments, the subjects' task was to indicate the perceived global direction of motion of the test stimulus: up or down (Fig. 1) .
Paradigm 1: motion discrimination. This paradigm served to measure the instantaneous influence of tACS on coarse motion discrimination. Eight subjects participated in the experiment. We presented the Long Test stimuli and the subjects indicated the perceived global direction of motion (up or down). The coherence of the Long Test stimuli ranged from Ϫ100% (all dots moving down) to ϩ100% (all dots moving up). Stimulation was applied over the left hMTϩ only during the presentation of the Long Test stimuli. In separate sessions, the visual stimulus was either presented in the right hemifield (contralateral condition) or left hemifield (ipsilateral condition).
Paradigm 2: motion adaptation. This paradigm measured the influence of tACS on the induction of adaptation using a standard top-up design. Each experimental session started with a single, 40 s presentation of the Long Adapter stimulus. In all subsequent trials the Top-up Adapter stimulus (4 s) was followed by a blank period (500 ms) and then by the Test stimulus (1 s). The subject's task was to indicate the coherent motion direction of the Test stimulus.
In the stimulation conditions, we applied tACS only when the Long Adapter or Top-up Adapter stimulus was on the screen. In the no-tACS conditions, no stimulation was applied. For the contralateral and ipsilateral experiments, we stimulated the left hemisphere while showing the stimulus on the right hemifield and left hemifield, respectively.
To monitor and control the allocation of attention, subjects were instructed to attend to the adapter stimulus and press a key when a brief (200 ms) doubling of speed occurred (at an unpredictable time). As a secondary benefit, this attention to the adapter also increases the strength of adaptation (Rezec et al., 2004) . Trials in which the subjects failed to detect the speed changes were removed from the analysis.
Paradigm 3: recovery. This paradigm probed the influence of tACS on recovery from adaptation. In this experiment, the time between adapter and test (during which the screen was blank) was 4 s; in most subjects this still produces a residual aftereffect (Spigel, 1964) . In separate sessions, either no tACS was ever applied, or tACS was applied during each 4 s blank period.
Paradigm 4: prestimulus tACS. This paradigm investigated whether behavioral effects of tACS require the neural changes induced by adaptation. Each trial started with a 4 s blank period, followed by an interval of 500 ms and then by the Test stimulus. In separate sessions, stimulation was either always off or on during every 4 s prestimulus blank period. 
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Data analysis
Curve fitting. We used Probit Analysis (Finney, 1947) to evaluate the data. We fit the behavioral choice data ( proportion of upward choice) with cumulative Gaussians using MATLAB (MathWorks). We assumed binomial noise on the proportion of up/down responses. The fitted curves all had R 2 values Ͼ0.7. The curve fits provided us with two dependent measures; the point of subjective equality (PSE) and the sensitivity. The PSE was defined as the coherence level at which the fitted curve reached 0.5 and the sensitivity as the slope of the fitted curve at the PSE. We quantified the motion after effect (MAE) as the difference between the PSE of the adapted and unadapted conditions (both in the absence of tACS; Hiris and Blake, 1992; Castet et al., 2002) .
Statistical analysis. At the single-subject level we used nonparametric permutation tests (Efron and Tibshirani, 1994) to determine whether PSEs and sensitivities were significantly different between two conditions (e.g., adapted without tACS and adapted with tACS). In this procedure, we combined the responses from all trials in both conditions, drew (with replacement) two complete datasets from this distribution, and determined the difference in the PSE or sensitivity. We repeated this resampling process 1000 times to obtain a null distribution of the differences. We then determined the p value of the test as the fraction of values in the null distribution that were larger than the actual difference between the two conditions. Unlike the methods that are derived from asymptotic theory, the bootstrap method is ideal for analyzing psychophysical data because its accuracy does not depend on large numbers of trials, or assumptions (such as normality) about the underlying distributions (Hinkley, 1988) .
At the group level, we performed a paired Wilcoxon signed rank test separately for the motion discrimination, motion adaptation, recovery from adaptation, and prestimulus tACS experiments. For the motion adaptation and the motion discrimination experiments we also used a two-sided Wilcoxon rank sum test to compare the differences in the changes (sensitivity and PSE) induced by tACS during the contralateral versus the ipsilateral condition. All statistical conclusions remained the same even after the exclusion of the data collected from the non-naive subject.
Analysis of the relation between adaptation strength and tACS-induced effects. To investigate whether the influence of tACS (on the PSE or the slope) increased with the strength of adaptation, we calculated the Pearson correlation coefficient () between the tACS-induced change and the MAE. Specifically, for the change in PSE:
ϭ corr(PSE adapt,tACS Ϫ PSE adapt , PSE adapt Ϫ PSE unadapt ).
We used a permutation test to test the null hypothesis that this correlation was larger for contralateral than for ipsilateral tACS stimulation. We created a null distribution of differences in correlation by randomly sampling PSEs from the ipsilateral and contralateral conditions, and calculating the difference in for 1000 shuffled datasets. A statistically significant difference in correlation between contralateral and ipsilateral tACS was defined as a difference in that was larger than the 95 th percentile of this null distribution. The analogous analysis was performed for the sensitivity data.
Results
We measured the influence of tACS (Ϯ0.5 mA, 10 Hz) on motion sensitivity and adaptation by applying it at various times during a standard motion discrimination task; during discrimination, before discrimination, during adaptation, and during recovery from adaptation.
tACS improved motion sensitivity
We first tested the hypothesis that tACS injects nuisance perturbations in the motion direction discrimination system. This hypothesis predicts a decrease in the subjects' sensitivity when tACS is applied over hMTϩ during a motion discrimination task (see Materials and Methods, Paradigm 1). Figure 2A (bottom) shows the performance of one of the subjects with (thick black curve) and without (thin gray curve) stimulation. From such curves, we extracted the two measures of interest; the PSE and the sensitivity (see Materials and Methods). Contrary to our expectation, transcranial stimulation improved discrimination sensitivity ( Fig. 2B ; p Ͻ 0.05, Wilcoxon signed rank test; Cohen's d ϭ 0.79; effect size (r) ϭ 0.36).
The functioning of area hMTϩ is lateralized, that is, the right hemisphere responds primarily to stimuli presented in the left visual field and vice versa (Dukelow et al., 2001 ). This allowed us to perform control experiments to assess the selectivity of tACS and exclude a number of potential confounds. In these experiments, the parietal electrode was placed ipsilateral to the visual stimulus. Assuming that the tACS-induced fields are at least coarsely localized (i.e., within a hemisphere), this should not affect motion processing, hence, these experiments control for general changes in arousal or attention induced by tACS (see Discussion). Stimulating the ipsilateral hemisphere did not induce any consistent change in performance ( Fig. 2C,D ; p Ͼ 0.05). Moreover, the sensitivity during contralateral stimulation was significantly larger than during ipsilateral stimulation (two sided Wilcoxon rank sum test, p Ͻ 0.05; Cohen's d ϭ 1.76; effect size (r) ϭ 0.66).
tACS attenuated the motion after effect
In a second set of experiments we tested the hypothesis that tACS affected a form of plasticity that is reflected in the behavioral changes occurring after prolonged exposure to a moving stimulus. Specifically, we determined psychometric curves for motion discrimination before and after motion adaptation, with and without contralateral or ipsilateral tACS during the adaptation phase (see Materials and Methods, Paradigm 2). Figure 3A (bottom) shows the results for one subject: the dashed curve is the psychometric curve in the unadapted condition. The PSE was at Ϫ0.08, which means that this subject reported upward and downward motion equally often when the fraction of downward moving dots was 8% (indicating an upward bias). After adaptation, the (thin solid) psychometric curve was shifted rightward to a PSE of ϩ0.13. Hence, after adaptation a pattern in which 13% of the dots moved upward was reported to move upward or downward equally often. This is the MAE, which we quantified as the difference in the PSE between the adapted and unadapted condition (Castet et al., 2002) . For this subject the MAE size was PSE adapt Ϫ PSE unadapt ϭ 13% Ϫ (Ϫ8%) ϭ 21%. The thick solid psychometric curve shows the results when tACS was applied during the adaptation phase, this curve is shifted less compared with the unadapted curve, which shows that tACS reduced the MAE. We quantified the tACS effect as the difference in PSE between the stimulated and not-stimulated adaptation condition: PSE adapt,tACS Ϫ PSE adapt ϭ Ϫ2 Ϫ 13% ϭ Ϫ15%.
Across the group of subjects the contralateral application of tACS during motion adaptation significantly reduced the MAE (Fig. 3A,B ; p Ͻ 0.05, Wilcoxon signed rank test; Cohen's d ϭ 0.93, effect size (r) ϭ 0.42). By comparison, ipsilateral stimulation did not yield a significant change in MAE ( Fig. 3D,E ; p Ͼ 0.05), and a direct comparison showed that the effect of contralateral tACS was significantly larger than ipsilateral tACS (p Ͻ 0.05; Cohen's d ϭ 0.90, effect size (r) ϭ 0.41).
Subjects with a large MAE in the absence of tACS typically had a larger reduction in MAE when tACS was applied (Fig. 3C ). This negative correlation supports the idea that tACS interferes with the mechanisms of adaptation ( Fig. 3C ; Pearson correlation coefficient ϭ Ϫ0.63). Such a correlation was not found for ipsilateral stimulation (Fig. 3F ) , and a permutation test (see Materials and Methods) confirmed that the correlation induced by contralateral stimulation was significantly larger than that induced by ipsilateral tACS.
tACS attenuated sensitivity changes during adaptation
Adaptation not only shifted the psychometric curve, it also changed its slope, a measure of subjects' sensitivity to motion. This is consistent with the results of Van Wezel and Britten (2002) , who demonstrated that adaptation reduces motion sensitivity. We found a similar reduction in sensitivity (a shallower slope) in most of our subjects. For each of those subjects, tACS increased sensitivity. For two of our subjects adaptation significantly increased sensitivity; for those subjects tACS decreased sensitivity. This negative correlation is further evidence that tACS attenuates adaptation ( Fig. 4A; Pearson correlation is Ϫ0.68) . This relationship was not found during ipsilateral stimulation ( Fig. 4B) and the difference between the contralateral and ipsilateral condition was statistically significant (permutation test; p Ͻ 0.05; see Materials and Methods). To control and monitor the allocation of attention, the subjects performed a speed detection task during the adaptation phase. This provided us with an additional and independent measure of motion sensitivity. We found that contralateral stimulation reduced subjects' reaction time on this task (Fig. 5A) . This was mainly driven by subjects whose reaction times were long in the absence of tACS. Ipsilateral stimulation, on the other hand, did not affect the reaction time systematically (Fig. 5B) .
tACS did not affect recovery from adaptation
In our adaptation paradigm, we can distinguish between an induction phase (the time when the adapter was on the screen) and a recovery phase (defined here as the time between the adapter and the test stimulus, when the screen was blank). The previous experiment showed that tACS during the induction phase reduced the MAE. Here we investigated whether tACS during recovery could also change the MAE.
We increased the duration of the recovery phase (the time between adapter and test) to 4 s, and applied tACS only during recovery. In this phase, the subjects had already been adapted to the prior visual stimuli (Top-up Adapter) but they did not receive visual motion input (see Materials and Methods, Paradigm 3). Stimulation in the recovery phase had no significant effect on the subsequent MAE nor did it change the slope of the psychometric curves ( p Ͼ 0.05; average ⌬PSE ϭ 0.01, SD ϭ 0.05), average ⌬Sensitivity ϭ Ϫ0.0067, SD ϭ 0.82). In other words, tACS affected the induction of adaptation (Fig. 3) , but not the recovery from adaptation.
tACS effects required motion adaptation
In the motion adaptation experiments above, tACS was always applied well before the test stimulus (together with the adapter), hence it is possible that simply preceding a test stimulus by tACS induced a behavioral effect and that adaptation was not required per se. To test this hypothesis, we performed experiments in which each test stimulus was preceded by 4 s of a blank screen. tACS was applied only during this blank period (see Materials and Methods, Paradigm 4). Under these conditions, there was no significant effect of tACS on the PSE or sensitivity (p Ͼ 0.05; average ⌬PSE ϭ 0.02, SD ϭ 0.06, average ⌬Sensitivity ϭ Ϫ0.19, SD ϭ 1.33). In other words, when applied outside the adaptation context, tACS had no effect, supporting our interpretation that tACS interfered with adaptation.
Discussion
We investigated how transcranial alternating currents affect human motion perception. We found that tACS reduced motion adaptation and improved motion discrimination sensitivity. Electrical stimulation did not affect motion perception when applied before visual stimulus presentation, or during the recovery phase of adaptation. Together, these findings can be summarized succinctly as demonstrating that tACS attenuates the induction of adaptation.
We first address some of the confounding factors and limitations in the interpretation of our data. Then we speculate on the neural mechanisms that could be involved in this and conclude with a brief discussion of the implications of our findings for the practical usage of tACS.
Confounds
tACS at 10 Hz can generate phosphenes due to current spread to the retina (Kar and Krekelberg, 2012) . As an additional "visual" stimulus that is only present in the tACS conditions, these retinal phosphenes could, in principle, interfere with adaptation. Several arguments, however, speak against this. First, phosphenes occur in the periphery (Kar and Krekelberg, 2012) , and given the receptive field locations (Hartmann et al., 2011) of neurons in motion areas, the visual stimulation induced by tACS phosphenes and the motion stimulus affect nonoverlapping populations of neurons. Second, tACS induces phosphenes in both hemifields, with no obvious patterns of lateralization (Kar and Krekelberg, 2012) . Hence, if tACS reduced adaptation by drawing attention away from the adapter (Chaudhuri, 1990) one would expect to find it in both ipsilateral and contralateral stimulation conditions. Our control experiment (Fig. 3D) , however, shows that only contralateral stimulation reduced adaptation. The specificity of the effect for contralateral tACS also argues that the action of tACS is significantly more pronounced in the cortical hemisphere over which it is applied and is incompatible with a general change in arousal induced directly or indirectly via the generation of phosphenes.
Limitations
The amplitude of tACS in our experiments was 0.5 mA, and its temporal frequency was 10 Hz. Of course many other patterns of stimulation are possible (different frequencies, or nonsinusoidal patterns, different electrode montages) and potentially worth exploring. We note, however, that this is an extremely large search space, and more insight into the underlying mechanisms may be required to perform an informed search. Under our particular experimental conditions, we found that tACS increased motion sensitivity. This is incompatible with the view that tACS injects neural noise or perturbations. Of course, one cannot extrapolate such a finding to higher currents, other temporal frequencies, or other stimulation patterns. In fact, it is inevitably the case that at high enough currents, tACS would impact behavioral performance negatively and therefore be behaviorally equivalent to the injection of "noise." Antal et al. (2004) have shown that transcranial direct current stimulation (tDCS) over hMTϩ reduces the subjective duration of the motion after effect. The goal of the Antal et al. (2004) study, however, was not to investigate which aspects of motion adaptation tDCS interferes with, but to provide support for the causal involvement of hMTϩ in the MAE. Presumably for this reason, tDCS was applied continuously both during adaptation induction, recovery, and the subsequent motion detection task. Hence, the reduction in MAE duration could have been the consequence of tDCS' interference with any of these processes; this prevents a direct comparison with our findings. Nevertheless, it is of interest to note that Antal et al. (2004) found that tDCS reduced the MAE regardless of whether the anode or the cathode was placed over hMTϩ. This is compatible with our finding that tACS, which also generates current flow of both polarities, attenuates adaptation. Our behavioral data cannot address the question whether the same mechanisms underlie the influence of tACS and tDCS, but for tDCS we can speculate that the underlying mechanism is likely different from the (polarity-dependent) modulation of excitability reported in motor cortex (Nitsche et al., 2005) .
Comparison with tDCS
Mechanism
Our experiments show that tACS attenuates motion adaptation. Hence, one would expect that tACS attenuates any of the consequences of adaptation. Together with the finding that motion adaptation reduces performance on a coarse motion detection task (Van Wezel and Britten, 2002) this provides a succinct explanation of the behavioral changes we observed. For instance, tACS increased sensitivity and reduced reaction times most for those subjects who showed a large adaptation effect (Figs. 4A,  5A ). Importantly, this also accounts for the tACS-induced increase in sensitivity during the presentation of a single RDK (Fig.  2B) . Even though this experiment did not involve a separate adaptation stimulus, the 4 s long RDK likely triggered adaptation. Our data support the view that this adaptation was attenuated by tACS, and this led to an increase in sensitivity.
At the circuit level, prolonged exposure to moving stimuli is known to result in firing rate changes throughout visual cortex. Individual neurons can increase or decrease their firing rate with adaptation and this depends critically on the relationship between the tuning of the neuron and the properties of the adapter and test stimuli. For instance, the speed of the moving stimulus (Krekelberg et al., 2006a) , the direction of motion (Kohn and Movshon, 2004) , as well as its size and duration (Wissig and Kohn, 2012; Duijnhouwer et al., 2013; Patterson et al., 2013) , all affect firing rate changes induced in an adaptation protocol (Krekelberg et al., 2006b ). This shows that the consequences of adaptation depend critically on the circuit in which neurons are embedded (Richert et al., 2013) and implies that the consequences of tACS for a single neuron will also depend strongly on its connections within the local circuit. In other words, based on our behavioral observations and the known properties of adaptation at the single neuron level, it seems unlikely that tACS would generally increase or decrease firing in a population of neurons. We plan to test this in the future using extracellular recording in the middle temporal area of the macaque during transcranial stimulation.
Linking behavioral data with cellular mechanisms requires many assumptions, and is inevitably speculative. Nevertheless, we believe it is valuable to put forward a novel and testable hypothesis that aims to do so. We start from the observation that small membrane voltage fluctuations reduce spike frequency adaptation, as shown by in vitro recordings of rat hippocampal CA1 neurons using direct somatic current injection (Fernandez et al., 2011) . We speculate that tACS could induce such membrane fluctuations in the soma or dendrites and thereby interfere with adaptation.
Two major questions need to be answered before this can be accepted as a viable mechanism. First, can tACS generate membrane fluctuations that are large enough? Current finite element current flow models predict membrane voltage changes at pyramidal cell somas on the order of 0.2 mV (Radman et al., 2009; . Although it should be noted that considerable uncertainty is associated with these predictions, this is an order of magnitude smaller than the somatic voltage fluctuations (ϳ2 mV) used by Fernandez et al. (2011) . Second, do small membrane fluctuations generate effects that last long enough? Fernandez et al. (2011) argue that voltage fluctuations reduce spike frequency adaptation through Na ϩ de-inactivation. Given the rapid time course of de-inactivation, this mechanism alone is unlikely to lead to behavioral effects that last several seconds. Slice recordings could address these questions. The first by measuring whether smaller somatic voltage fluctuations suffice to reduce adaptation, or by investigating the role of dendritic voltage fluctuations. The second by determining whether the slower voltage or Na ϩ -dependent K-channels known to be involved in adaptation (Sanchez-Vives et al., 2000) , are also affected by membrane fluctuations.
Implications for tACS usage
Current understanding of tDCS is that the orientation of a neuron in the applied field determines whether its excitability will be increased or decreased through a net depolarization or hyperpo-larization of the soma (Radman et al., 2009) . If, however, tACS influences neurons through the interaction of subthreshold oscillations with adaptation, then it would be affected less by the orientation of the neuron in the field. Given that field orientation in a target area is highly idiosyncratic and difficult to predict (Datta et al., 2009) , this could be a considerable practical advantage of tACS over tDCS.
